Introduction
Saving the environment to save the Earth and to make the future of mankind safe is the need of the hour. Over the past several decades, the exponential population and social civilization change, affluent lifestyles and resources use, and continuing progress of the industrial and technologies has been accompanied by a sharp modernization and metropolitan growth. The world is reaching new horizons but the cost which we are paying or we will pay in near future is surely going to be high. Among the consequences of this rapid growth is environmental disorder with a big pollution problem. Rapid industrialization, unplanned urbanization and unskilled utilization of natural water resources have led to the destruction of water quality in many parts of the world. In many developing countries, groundwater provides drinking water for more than one-half of the nation's population, and is the sole source of drinking water for many rural communities and some large cities. However, due to industrial, agricultural and domestic activities, a variety of chemicals can pass through the soil and potentially contaminate natural water resources and reservoirs. In recent years, the surge of industrial activities has led to tremendous increase in the use of heavy metals, synthetic dyes and other toxic chemicals, and inevitably resulted in an increased flux of these substances in the aquatic environment. Environmental contamination by toxic heavy metals and synthetic dyes is becoming a serious dilemma now days due to their negative ecotoxicological effects and bioaccumulation in wildlife. Contamination primarily result from industrial activities, such as iron and steel production, the non-ferrous metal industry, mining and mineral processing, pigment manufacturing, tanning, dyeing, painting, photographic and electroplating, gas exhaust, energy and fuel production, fertilizer, food, cosmetics, pharmaceuticals, pesticide applications, and generation of municipal wastes. The contamination of water due to toxic heavy metal ions and synthetic dye molecules is accountable for causing several damages to the environment and adverse effects on public health. Heavy metals form compounds that can be toxic, carcinogenic or mutagenic even in low quantities and due to their mobility in natural water ecosystems, they are prioritized as major inorganic contaminants of the environment. Furthermore, heavy metal ions are nonbiodegradable and can accumulate in living tissues, thus becoming concentrated throughout the food chain. Even, their minor content can bio-accumulate and enter the food chain causing mental retardation, reduction in hemoglobin production and interference with normal cellular metabolism and consequently may damage nervous system. Strong exposure may cause gastric pain, nausea, vomiting, severe diarrhea, Insight Into Adsorption Thermodynamics 351 2.1 Activation energy Activation energy is an important parameter in a thermodynamic study as it determines the temperature dependence of the reaction rate. In chemistry, activation energy is defined as the energy that must be overcome in order for a chemical reaction to occur. In adsorption separation, it is defined as the energy that must be overcome by the adsorbate ion/molecule to react/interact with the functional groups on the surface of the adsorbent. It is the minimum energy needed for a specific adsorbate-adsorbent interaction to take place, even though the process may already be thermodynamically possible. The activation energy of a reaction is usually denoted by E a , and given in units of kJ mol -1 . The activation energy (E a ) for the adsorption of an adsorbate ion/molecule onto an adsorbent surface in an adsorption process can be determined from experimental measurements of the adsorption rate constant at different temperatures according to the Arrhenius equation as follows:
where k is the adsorption rate constant, A is a constant called the frequency factor, E a is the activation energy (kJ.mol -1 ), R is the gas constant (8.314 J.mol -1 K -1 ) and T is the temperature (K). By plotting ln k versus 1/T ( Figure 1 ) and from the slope and the intercept, values of E a and A can be obtained. The apparent activation energy of adsorption of heavy metal ions and synthetic dye molecules onto various low cost adsorbents is tabulated in Table 1 . The magnitude of activation energy may give an idea about the type of adsorption. Two main types of adsorption may occur, physical and chemical. In physisorption, the equilibrium is usually rapidly attained and easily reversible, because the energy requirements are small. The activation energy for physisorption is usually no more than 4.2 kJ mol -1 since the forces involved in physisorption are weak. Chemisorption is specific and involves forces much stronger than in physisorption on. Therefore, the activation energy for chemisorption is of the same magnitude as the heat of chemical reactions. It is to be noted that in some cases rates of adsorption process decrease with increasing t e m p e r a t u r e . I n o r d e r t o f o l l o w a n a p p r o x i m ately exponential relationship so the rate constant can still be fit to the Arrhenius expression, results in a negative value of E a . Sorption processes exhibiting negative activation energies are exothermic in nature and proceeds at lower temperatures. With the increase of temperature, the solubility of adsorbate species increases. Consequently, the interaction forces between the adsorbate and solvent are stronger than those between adsorbate and adsorbent. As a result, the adsorbate is more difficult to adsorb
Activation parameters
In order to get an insight whether the adsorption process follows an activated complex, it is absolutely necessary to consider the thermodynamic activation parameters of the process 
where k is the adsorption rate constant, k B is the Boltzman constant (1.3807×10 −23 J K −1 ), h is the Plank constant (6.6261×10 −34 Js), R is the ideal gas constant (8.314 J.mol -1 K -1 ), and T is temperature (K). The values of ΔH * and ΔS * can be determined from the slope and intercept of a plot of ln k/T versus 1/T (Figure 2 ). These values can be used to compute ΔG * from the relation:
Fig. 2. A typical plot of ln k/T vs. 1/T (Eyring equation plot)
In general, the ΔG * values are positive at all temperatures suggesting that adsorption reactions require some energy from an external source to convert reactants into products. A negative value of ΔH * suggests that the adsorption phenomenon is exothermic while a positive value implies that the adsorption process is endothermic. The magnitude and sign of ΔS * gives an indication whether the adsorption reaction is an associative or dissociative mechanism. A negative value of ΔS * suggests that the adsorption process involves an associative mechanism. The adsorption leads to order through the formation of an activated www.intechopen.com complex between the adsorbate and adsorbent. Also a negative value of ΔS * reflects that no significant change occurs in the internal structures of the adsorbent during the adsorption process. A positive value of ΔS * suggests that the adsorption process involves a dissociative mechanism. Such adsorption phenomena are not favourable at high temperatures.
Thermodynamic parameters
Thermodynamic considerations of an adsorption process are necessary to conclude whether the process is spontaneous or not. The Gibb's free energy change, ΔG 0 , is an indication of spontaneity of a chemical reaction and therefore is an important criterion for spontaneity. Both enthalpy (ΔH 0 ) and entropy (ΔS 0 ) factors must be considered in order to determine the Gibb's free energy of the process. Reactions occur spontaneously at a given temperature if ΔG 0 is a negative quantity. The free energy of an adsorption process is related to the equilibrium constant by the classical Van't Hoff equation:
where, ΔG 0 is the Gibb's free energy change (kJ. mol -1 ), R is the ideal gas constant (8.314 J.mol -1 K -1 ), and T is temperature (K) and K D is the single point or linear sorption distribution coefficient defined as:
where C a is the equilibrium adsorbate concentration on the adsorbent (mg L -1 ) and C e is the equilibrium adsorbate concentration in solution (mg L -1 ). Considering the relationship between ΔG 0 and K D , change in equilibrium constant with temperature can be obtained in the differential form as follows
After integration, the integrated form of Eq. (5) becomes:
where Y is a constant. Eq (7) can be rearranged to obtain:
Let ΔS 0 =RY Substituting Eqs. (4) and (8), ΔG 0 can be expressed as:
A plot of Gibb's free energy change, ΔG 0 versus temperature, T will be linear with the slope and intercept giving the values of ΔH 0 and ΔS 0 respectively. The thermodynamic relation between ΔG 0 , ΔH 0 and ΔS 0 suggests that either (i) ΔH 0 or ΔS 0 are positive and that the value of TΔS 0 is much larger than ΔH 0 (ii) ΔH 0 is negative and ΔS 0 is positive or (iii) ΔH 0 or ΔS 0 are negative and that the value of ΔH 0 is more than TΔS 0 . The typical value of the thermodynamic parameters for adsorption of heavy metal ions and synthetic dye molecules onto various low cost adsorbent are listed in Tables 2 and 3 , respectively. For significant adsorption to occur, the Gibb's free energy change of adsorption, ΔG 0 , must be negative. For example, as seen in Table 2 , the Gibb's free energy change (ΔG 0 ) values were found to be negative below 313.15 K for adsorption of Cr(VI) onto chitosan, which indicates the feasibility and spontaneity of the adsorption process at temperatures below 313.15K. As a rule of thumb, a decrease in the negative value of ΔG 0 with an increase in temperature indicates that the adsorption process is more favourable at higher temperatures. This could be possible because the mobility of adsorbate ions/molecules in the solution increase with increase in temperature and that the affinity of adsorbate on the adsorbent is higher at high temperatures. On the contrary, an increase in the negative value of ΔG 0 with an increase in temperature implies that lower temperature makes the adsorption easier. Table 3 . Thermodynamic parameters for adsorption of synthetic dyes on various low cost adsorbents A negative value of ΔH 0 implies that the adsorption phenomenon is exothermic while a positive value implies that the adsorption process is endothermic. The adsorption process in the solid-liquid system is a combination of two processes: (a) the desorption of the solvent (water) molecules previously adsorbed, and (b) the adsorption of the adsorbate species. In an endothermic process, the adsorbate species has to displace more than one water molecule for their adsorption and this result in the endothermicity of the adsorption process. Therefore ΔH 0 will be positive. In an exothermic process, the total energy absorbed in bond breaking is less than the total energy released in bond making between adsorbate and adsorbent, resulting in the release of extra energy in the form of heat. Therefore ΔH 0 will be negative. The magnitude of ΔH 0 may also give an idea about the type of sorption. The heat evolved during physical adsorption is of the same order of magnitude as the heats of condensation, i.e., 2.1-20.9 kJ mol -1 , while the heats of chemisorption generally falls into a range of 80-200 kJ mol -1 . Therefore, as seen from Tables 2 and 3 , it seems that adsorption of most heavy metal ions and synthetic dye molecules by various low cost adsorbents can be attributed to a physico-chemical adsorption process rather than a pure physical or chemical adsorption process. A positive value of ΔS 0 reflects the affinity of the adsorbent towards the adsorbate species. In addition, positive value of ΔS 0 suggests increased randomness at the solid/solution interface with some structural changes in the adsorbate and the adsorbent. The adsorbed solvent molecules, which are displaced by the adsorbate species, gain more translational entropy than is lost by the adsorbate ions/molecules, thus allowing for the prevalence of www.intechopen.com randomness in the system. The positive ΔS 0 value also corresponds to an increase in the degree of freedom of the adsorbed species. A negative value of ΔS 0 suggests that the adsorption process is enthalpy driven. A negative value of entropy change (ΔS 0 ) also implies a decreased disorder at the solid/liquid interface during the adsorption process causing the adsorbate ions/molecules to escape from the solid phase to the liquid phase. Therefore, the amount of adsorbate that can be adsorbed will decrease.
Adsorbent Adsorbate T (K)
ΔG
Isosteric heat of adsorption
The most relevant thermodynamic variable to describe the heat effects during the adsorption process is the isosteric heat of adsorption. Isosteric heat of adsorption (ΔH x , kJ mol -1 ) is defined as the heat of adsorption determined at constant amount of adsorbate adsorbed. The isosteric heat of adsorption is a specific combined property of an adsorbentadsorbate combination. It is one of the basic requirements for the characterization and optimization of an adsorption process and is a critical design variable in estimating the performance of an adsorptive separation process. It also gives some indication about the surface energetic heterogeneity. Knowledge of the heats of sorption is very important for equipment and process design. However, the physical meaning of 'isosteric heat' is not clear and it is not even considered by some authors to be the most suitable way of understanding the adsorption phenomena The isosteric heat of adsorption at constant surface coverage is calculated using the Clausius-Clapeyron equation:
where, C e is the equilibrium adsorbate concentration in the solution (mg.L -1 ), ΔH x is the isosteric heat of adsorption (kJ mol -1 ), R is the ideal gas constant (8.314 J.mol -1 K -1 ), and T is temperature (K).
Integrating the above equation, assuming that the isosteric heat of adsorption is temperature independent, gives the following equation:
where K is a constant. The isosteric heat of adsorption is calculated from the slope of the plot of ln C e versus 1/T different amounts of adsorbate onto adsorbent. For this purpose, the equilibrium concentration (C e ) at constant amount of adsorbate adsorbed is obtained from the adsorption isotherm data at different temperatures. The isosteres corresponding to different equilibrium adsorption uptake of Cu(II) by tamarind fruit seed is shown in Fig. 5 . Similar isosteres have been obtained for other systems as well. The magnitude of ΔH x value gives information about the adsorption mechanism as chemical ion-exchange or physical sorption. For physical adsorption, ΔH x should be below 80 kJ mol -1 and for chemical adsorption it ranges between 80 and 400 kJ.mol -1 . The isosteric heat of adsorption can also provide some information about the degree of heterogeneity of the adsorbent. Generally, the variation of ΔH x with surface loading is indicative of the fact that the adsorbent is having energitically heterogeneous surfaces. If it were a homogeneous surface, the isosteric heat of adsorption would have been constant www.intechopen.com
Insight Into Adsorption Thermodynamics 361 even with variation in surface loading. The ΔH x is usually high at very low coverage and decreases steadily with an increase in q e . The dependence of heat of adsorption with surface coverage is usually observed to display the adsorbent-adsorbate interaction followed by the adsorbate-adsorbate interaction. The decreasing of the heats of sorption indicates that the adsorbate-adsorbent interactions are strong in the range of lower q e values and then they decrease with the increase in the surface coverage. It has been suggested that that the high values of the heats of sorption at low q e values were due to the existence of highly active sites on the surface of the adsorbent. The adsorbent-adsorbate interaction takes place initially at lower q e values resulting in high heats of adsorption. On the other hand, adsorbate-adsorbate interaction occurs with an increase in the surface coverage giving rise to lower heats of sorption. The variation in ΔH x with surface loading can also be attributed to the possibility of having lateral interactions between the adsorbed adsorbate molecules. 
Conclusion
To date, adsorption has been regarded as an effective technology for the removal of soluble heavy metal ions, synthetic dye molecules and other toxic chemicals from aqueous solution.
In study of adsorption thermodynamics, it appears that determination of value of the thermodynamic quantities such as activation energy, activation parameters, Gibb's free energy change, enthalpy, entropy, and isosteric heat of adsorption are required. These parameters are critical design variables in estimating the performance and predicting the mechanism of an adsorption separation process and are also one of the basic requirements for the characterization and optimization of an adsorption process. So far, extensive research effort has been dedicated to a sound understanding of adsorption isotherm, kinetics and thermodynamics. Compared to adsorption isotherm and kinetics, there is lack of a theoretical basis behind the thermodynamic analysis of sorption data. In this regard, the next real challenge in the adsorption field is the identification and clarification of the underlying thermodynamics in various adsorption systems. Further explorations on developing in this area are recommended.
